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Requirements of Cyclin A for Mitosis
Are Independent of Its Subcellular Localization
inhibitor of nuclear export [7], results in nuclear accumu-
lation even in interphase [6]. To test if CycA localization
is mediated by nuclear export, we treated Drosophila
Axel Dienemann and Frank Sprenger*
University of Cologne
Institute for Genetics
Weyertal 121 embryos with LMB and observed nuclear accumulation
of CycA in interphase cells (Figure 1B). Thus localization50931 Cologne
Germany of CycA is mediated by a controlled balance between
nuclear import and export, similar to what has been
shown for CycB1.
To test the functional significance of the subcellularSummary
dynamics of CycA, we changed its localization by forc-
ing constitutive nuclear accumulation or preventing pro-Cyclin A (CycA), the only essential mitotic cyclin in
phase accumulation. This was realized by the fusion ofDrosophila [1], is cytoplasmic during interphase and
heterologous localization signals onto the N terminusaccumulates in the nucleus during prophase [2]. We
of CycA. Such N-terminal fusions did not impair theshow that interphase localization is mediated by Lep-
ability of these constructs to activate Cdk1 (Figure S1).tomycin B (LMB)-sensitive nuclear export. This is a
The expression of the constructs was accomplished byfeature shared with human CyclinB1, and it is assumed
the UAS-Gal4 system [8]. Expression levels were com-that nuclear accumulation is necessary for mitotic en-
parable and below that of endogenous CycA (see Figuretry [3]. Here, we tested if the unique mitotic function
S1). Thus, any effects caused by these constructs areof CycA requires nuclear accumulation. We fused sub-
not due to overexpression artifacts.cellular localization signals to CycA and tested their
To achieve a constitutive nuclear localization, CycAmitotic capability. Surprisingly, nuclear accumulation
was fused to the nuclear localization sequence (NLS) ofwas not required, and even a membrane-tethered form
the SV 40 large T antigen [9]. This results in constitutiveof CycA was able to induce mitosis. We noted that
nuclear CycA even during interphase (Figure 2A). Yet,Cyclin B (CycB) protein disappears prematurely in
no premature mitotic events were observed (data notCycA mutants, reminiscent of rca1 mutants. Rca1 is
shown). Obviously, nuclear accumulation of CycA is notan inhibitor of Fizzy-related-APC/C activity, and in rca1
sufficient to induce mitosis since inhibitory phosphoryla-mutants, mitotic cyclins are degraded in G2 of the 16th
tions are present on Cdk1 and expression of the phos-embryonic cell cycle [4]. Overexpression of Rca1 can
phatase CDC25String is limiting for Cdk1 activation [10].restore mitosis in CycA mutants, indicating that the
To enhance nuclear export of CycA even during pro-mitotic failure of CycA mutants is caused by premature
phase, we fused the nuclear export signal (NES) of hu-activation of the APC/C. The essential mitotic function
man PKI [9, 11] to CycA. This construct delayed nuclearof CycA is therefore not the activation of numerous
prophase accumulation (Figure 2B). In comparison withmitotic substrates by Cdk1-dependent phosphoryla-
the endogenous CycA, HA-NES-CycA was nuclear onlytion. Rather, CycA-dependent kinase activity is re-
in an advanced state of prophase probably after nuclearquired to inhibit one inhibitor of mitosis, the Fzr
envelope breakdown (Figure 2C). This shows that nu-protein.
clear export is not globally shut down during prophase,
allowing the continuing export of HA-NES-CycA at early
Results and Discussion prophase stages. Thus, nuclear export of wild-type
CycA must be regulated to allow nuclear accumulation
Drosophila CycA displays a striking change in its subcel- during prophase, which can be counteracted by the
lular localization at the onset of mitosis. This is illustrated fusion of an exogenous export signal that is apparently
in Figure 1 for the HA-tagged version of CycA (HA-CycA), not subject to this regulation.
whose localization and destruction is indistinguishable In order to completely exclude CycA from the nucleus,
from the endogenous CycA [5]. HA-CycA is cytoplasmic we tethered CycA to the membrane. We used the Torso
in interphase and accumulates in the nucleus at pro- receptor tyrosine kinase [12] and replaced the cyto-
phase. This nuclear accumulation of HA-CycA correlates plasmic region with the HA-CycA coding region. Initial
with chromosome condensation in prophase cells (Fig- localization studies were carried out by a transient ex-
ure 1A). Therefore, nuclear CycA-Cdk1 activity might pression assay in which mRNA encoding Tor-HA-CycA
trigger mitotic events in the nucleus, and this might be was injected into Drosophila embryos [5]. The distribu-
the essential function of CycA for mitosis. tion of Tor-HA-CycA in such embryos displays the ex-
Human Cyclin B1 (CycB1) displays a similar subcellu- pected plasma membrane localization pattern (Figure
lar distribution throughout the cell cycle caused by a 2D). Importantly, even mitotic cells show membrane lo-
dynamic shuttling between nucleus and cytoplasm [6]. calized HA staining of the Tor-HA-CycA construct. Simi-
During interphase, export from the nucleus prevails and larly, in older embryos in which expression was induced
results in cytoplasmic localization of CycB1. Preventing by the UAS-Gal4 system, Tor-HA-CycA was never found
nuclear export by using LMB, which is a well-established to accumulate in the nucleus. However, this construct
is not restricted to the outer rim of the plasma membrane
(Figure 2E). We fractionated extracts from embryos ex-*Correspondence: sprenger@uni-koeln.de
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Figure 1. The Subcellular Dynamic of CycA
Is a Regulated Process
(A and B) Transgenic HA-CycA was ex-
pressed by using the UAS-Gal4 system, gen-
erating ubiquitous expression of HA-CycA
with the driver lines matGal4 (A) or armGal4
(B). The cells shown in (A) are epidermal cells
of a stage 7 embryo during cell cycle 14. We
used fluorescently labeled wheat-germ-
agglutinin (WGA) to highlight the nuclear
membrane, antibodies against phosphory-
lated histone 3 (PH3) as a mitotic marker, and
HA-antibodies to detect the HA-CycA protein.
In interphase, when no PH3 signal is detect-
able, HA-CycA is cytoplasmic and the nu-
cleus is devoid of HA staining. Progressing
prophase cells were aligned by the increase
in the mitotic PH3 staining. Note that HA-
CycA accumulates in the nucleus in a gradual
fashion, resulting in a concentrated nuclear
localization in late prophase. (B) Embryos of
stages 9–10 were permeabilized with octane
and subsequently incubated for 1 hr with the
nuclear export inhibitor Leptomycin B (LMB)
or its solvent methanol as a control. Under
these experimental conditions, cells without
LMB show a predominant cytoplasmic stain-
ing of CycA in interphase (arrows) and nuclear
staining in prophase (arrowheads). In the
presence of LMB, high levels of CycA are
present in the nucleus, even in interphase
(arrows). Scale bar is 5 m in (A) and 10 m
in (B).
pressing Tor-HA-CycA into membrane and cytoplasmic neither cytoplasmic nor nuclear localization during early
prophase stages is required for mitosis 16 in epidermalfractions and found Tor-HA-CycA specifically enriched
in the membrane fraction (Figure 2F). This indicates that cells. We then addressed if CycA localization is impor-
tant for any of the other mitosis that occur during devel-Tor-HA-CycA is confined to the membrane compart-
ment within the cell, and the observed staining in older opment. Unfortunately, the endogenous CycA promoter
is large and not well characterized. Therefore, we usedembryos likely reflects the presence of this construct
in the endomembrane system. These localization data the ubiquitous daGal4 driver line, being aware that un-
patterned expression of CycA might disturb develop-show that the used heterologous localization signals are
functional in Drosophila, redirecting the CycA con- ment. When expression was at moderate levels, CycA
mutant flies were recovered that express HA-CycA ubiq-structs to the desired locations.
We now asked if the differently localized CycA con- uitously. As expected from an unpatterned CycA expres-
sion, flies were recovered at low frequency and showedstructs were able to fulfill the mitotic function of CycA.
Epidermal cells lacking CycA fail to execute the 16th various abnormalities, like rough eyes, bristle defects,
and reduced viability (see Figure S2). But this experi-mitosis [2]. As a consequence, mutant embryos have
fewer but bigger cells compared to wild-type (Figures mental setup allowed us to test if HA-NES-CycA or HA-
NLS-CycA were able to support all mitosis during em-3A and 3B). Expression of CycA from a transgene can
overcome the mitotic defect best seen by a comparison bryonic and larval life. In both cases, we recovered CycA
mutant flies at similar frequency, indicating that theyof CycA mutant cells with those that express CycA. We
used the prdGal4 driver line [8] to achieve expression in can mediate proliferation throughout development. This
shows that the normal subcellular dynamic of CycA isevery other segment and compared abdominal segment
A1, in which prd is active, with segment A2. Figure 3C not essential for proliferation.
The expression of Tor-HA-CycA during embryogene-shows that expression of HA-CycA results in increasing
cell numbers and reduction in cell size, indicating that sis in a CycA mutant did result only in a limited increase
in cell number (Figure 3D). On the other hand, we ob-HA-CycA can restore mitosis in CycA mutant embryos.
Cell numbers of a given area were counted and are served a high number of cells positive for the mitotic
marker PH3, indicating that this construct was able torepresented in Figure 3D.
We first tested if HA-NLS-CycA and HA-NES-CycA induce mitosis (Figure 4B). Cells positive for the PH3
marker were also visible very late during embryonic de-were able to overcome the CycA mutant phenotype in
epidermal cells. As shown in Figure 3D, both constructs velopment after Tor-HA-CycA expression. Closer exami-
nation of those cells revealed a high number of binucle-induced cell divisions in the CycA mutant background.
HA-NES-CycA expression in segment A1 resulted in cell ate cells, indicating a failure in mitotic exit (Figure 4C).
Apparently, Tor-HA-CycA can induce mitosis, but thesenumbers comparable to wild-type, and HA-NLS-CycA
expression even slightly increased cell numbers. Thus, cells later fail to complete cytokinesis and maintain a
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Figure 2. Directing CycA to Distinct Subcel-
lular Compartments
(A and B) HA-NLS-CycA (A) or HA-NES-CycA
(B) was expressed ubiquitously using the
matGal4 driver line and stained as in Figure
1A. The NLS fusion turns CycA into a constitu-
tive nuclear protein, even in interphase (I).
Addition of the NES significantly delays nu-
clear accumulation of CycA. In the prophase
cell (P) shown, chromosome condensation is
already in an advanced state, but HA-NES-
CycA is predominantly cytoplasmic.
(C) Comparing the localization of HA-NES-
CycA with endogenous CycA in one cell. Cells
marked with asterisks are in interphase or
very early prophase. In early prophase CycA
is accumulating in the nucleus (arrow), but
HA-NES-CycA is still predominantly cyto-
plasmic. In late prophase (arrowhead), HA-
NES-CycA is homogenously distributed
throughout the cell. At this stage it is likely
that the nuclear membrane is at least partly
disassembled.
(D) Localization of Tor-HA-CycA after mRNA
injection into preblastoderm embryos. Cells
shown are undergoing cell cycle 14 and
stained for PH3 and HA. Tor-HA-CycA stain-
ing highlights the outlines of the cells consis-
tent with plasma membrane localization,
even in mitotic cells.
(E) Tor-HA-CycA was expressed under the
control of prdGal4. Epidermal cells from a
stage 9 embryo stained for the HA signal and
DNA are shown. Although this staining did
not reveal plasma membrane-restricted lo-
calization, Tor-HA-CycA was never detected
in the nucleus during prophase.
(F) Biochemical analysis showing membrane
association of Tor-HA-CycA. Embryos of
stage 9–10 expressing Tor-HA-CycA under
the control of armGal4 were fractionated by
sucrose-density centrifugation. The position
of the Tor-HA-CycA band is indicated by an
open arrow. The band below corresponds to
the unglycosylated form. The closed arrow
indicates the position of the endogenous
CycA. Lanes 3–5 show the cytoplasmic frac-
tion (c), the membrane fraction (m), and the
input (i) before fractionation, respectively.
Embryos homogenized directly in denaturing
buffer (d) are shown in lanes 1 and 2 for Tor-
HA-CycA and in lane 6 for wild-type. During
the fractionation procedure, some degrada-
tion products of CycA is present (brackets in
lanes 3 and 5). Tor-HA-CycA is specifically
enriched in the membrane fraction (lane 4).
Within this fraction an additional band can be
detected (asterisk in lane 4), which is possibly
a degradation product of Tor-HA-CycA (as-
terisk in lane 1), but this is also associated
with the membrane. The band below the open arrow-marked Tor-HA-CycA band is the unmodified, unglycosylated form. Lane 1 was immu-
noblotted with HA, and lanes 2–6 were immunoblotted with polyclonal anti-CycA. Concentration of denaturing extracts (d) was adjusted to
ten embryos per lane.
Abbreviations in (A), (B), and (E): I, interphase; P, prophase. Scale bar in (A), (B), (D), and (E) is 5 m and in (C) is 10 m.
positive PH3 signal. In agreement with such a mitotic shown in Figure 3D, the ability of Tor-HA-CycA to induce
mitosis was underrepresented. Therefore we counteddefect, we noted incomplete degradation of Tor-HA-
CycA, suggesting that residual CycA associated kinase nuclei and observed a significant increase upon Tor-
HA-CycA expression. In addition, we expressed thisactivity beyond metaphase either directly or indirectly
caused this defect (data not shown). Since cell numbers construct in CycB;CycA double mutant embryos that
arrest one cycle cell earlier, before mitosis 15 [13]. Also,based on the cell outline were integrated into the data
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Figure 3. The Subcellular Localization of CycA Is Not Essential for Mitosis
(A and B) In CycA mutants (B), mitosis 16 does not occur in the epidermal layer, resulting in reduced cell numbers compared to wild-type
(A), which can be visualized using antibodies against phospho-tyrosin (PTyr) that highlight the plasma membrane.
(C and D) Suppression of the mitotic defect in CycA mutant segments. Various UAS constructs (shown in [D]) were expressed in CycA and
CycB;CycA mutant embryos by using the prdGal4 driver line, which directs expression in every other segment. This allows comparison of
cell numbers in mutant cells with and without expression of a given construct in embryos of stage 13, when cells would normally be in G1
of cell cycle 17. In (C) the result after expression of HA-CycA is shown. In the abdominal segment A1, more cells are present, an indication
that mitosis 16 had occurred. For quantification, cell numbers of a given area were counted in the abdominal segments A1 and A2 and the
mean value and its deviation were plotted in (D). In wild-type, segments A1 and A2 contain around 100 to 120 cells. In CycA mutants, the G2
arrest in cell cycle 16 results in a reduction in cell number to about 60 cells. Expression of CycA constructs can overcome the CycA mutant
phenotype, demonstrating that the subcellular localization of CycA is not required for its mitotic function (see text for further discussion).
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in this situation, increased cell numbers were observed In vertebrates as well as in Drosophila, overexpression
of CycA results in ectopic S phases [20–22]. In addition,(Figure 3D). We conclude that a membrane-anchored
form of CycA is able to induce mitosis. nuclear CycB1 was shown to be able to induce S phase
in vertebrates [23]. We tested if the subcellular locali-This raises the following question: how can nuclear
mitotic events be triggered when CycA-dependent Cdk1 zation of CycA is important for S phase induction by
expressing the different CycA constructs during eyeactivity is prevented from entering the nucleus? The
three mitotic cyclins in Drosophila, CycA, CycB and imaginal disc development. Figure 4D shows a typical
wild-type BrdU pattern [24]. We expressed the differentCycB3, have partially redundant functions [1, 13–15].
However, in CycA mutants, the presence of CycB and CycA constructs in postmitotic cells by using the sev-
Gal4 driver [25]. Expression of HA-CycA as well as allCycB3 is clearly not sufficient to induce mitosis [1]. To
further corroborate this, we expressed additional, HA- other CycA constructs used in this study but none of
the CycB constructs, including the NLS-CycB construct,tagged CycB (HA-CycB) or a nuclear-localized CycB
(NLS-CycB) in a CycA mutant. Both activate Cdk1 did result in ectopic S phases (Figure 4E). At present,
we do not know how membrane anchored CycA canin vitro, but neither induced proliferation in a CycA mu-
tant background (Figure 3D). When we analyzed CycB induce S phase, which is a clear nuclear event. Possibly,
Fzr is inactivated in G1 by the Tor-HA-CycA that is notprotein distribution in CycA mutant embryos, we noticed
that CycB was degraded prematurely in cells that would degraded efficiently during mitosis and persists in the
G1 state. After Fzr inactivation, the half-life of endoge-normally go into mitosis shortly—thus in the G2 stage
of cell cycle 16. This can be seen best in CycA mutant nous CycA during G1 would be increased and could
trigger the observed S phases.embryos in which every other segment is “rescued” by
HA-CycA, or even Tor-HA-CycA (Figures 3F and 3H). In conclusion, our data show that the dynamic
changes in the subcellular localization of CycA are notThis phenotype is reminiscent of the rca1 mutant pheno-
type. In rca1 mutants, mitotic cyclins are degraded pre- essential for its mitotic function. We suggest that the
unique function of CycA for mitosis does not lie in thematurely in G2 during the 16th embryonic cell cycle. Rca1
is an inhibitor of Fizzy-related (Fzr)-dependent APC/C activation of specific mitotic substrates by Cdk1-depen-
dent phosphorylation. Rather, CycA dependent kinaseactivity [4]. As cells prepare for the first G1 phase during
embryogenesis, Fzr, which is required for the establish- activity is required to inhibit one inhibitor of mitosis,
namely the Fzr protein. In the absence of CycA prema-ment of G1, is upregulated [16–18]. Several partially re-
dundant mechanisms prevent Fzr-APC/C activity in G2. ture APC/C activation results in the degradation of sub-
strates that are required for mitotic entry, like CycB.Besides Rca1, CycA-Cdk1 contributes to Fzr inactiva-
tion [4]. The disappearance of CycB in CycA mutants Since overexpression of Cyclin B was not sufficient to
restore mitosis, other substrates that are necessary forsuggests that Fzr becomes activated prematurely. To
test if this is the case, we overexpressed Rca1 in CycA mitotic entry might by degraded by Fzr-dependent
APC/C activity as well—a candidate being Cdc25,mutants to prevent Fzr activation. Indeed, Rca1 overex-
pression was sufficient to prevent premature CycB deg- whose levels are regulated by the APC/C during the cell
cycle [26]. The Drosophila system allowed us to test theradation (Figure 3G) and cell divisions could occur (Fig-
ure 3D). Rca1 overexpression could not completely functional requirements for CycA in a mutant back-
ground. Such an analysis is difficult in vertebrate cellsrestore cell numbers; indicating that CycA inhibition of
since CycB1 mutant mice die very early in utero [27]Fzr is of greater importance in this situation. This func-
and functional studies are complicated by the fact thattion of CycA can apparently not be fulfilled by the endog-
sites that are required for nuclear entry are also requiredenous CycB or even after overexpression of CycB. Hu-
for CycB1 activation [28]. While nuclear accumulationman Cyclin A can interact with Fzr through a so-called
of CycA at prophase might not be essential, we areRXL motif in Fzr and a hydrophic patch in Cyclin A [19].
currently investigating if it is important for the normalSuch a motif is also present in Drosophila Fzr, possibly
kinetics of mitotic progression and if its cytoplasmiccausing its CycA-Cdk1-dependent phosphorylation.
location during interphase is important in checkpointApparently, this function of CycA is not necessary in
controls as it was shown for CycB1 in vertebratesthe nucleus, in agreement with our findings that Fzr
[29, 30].is predominantly localized to the cytoplasm (data not
shown). When CycA is tethered to the membrane, inhibi-
Experimental Procedurestion of Fzr might be sufficient to allow entry into mitosis.
Presumably, the Fzr protein itself is shuttling between Molecular Biology Techniques
the cytoplasm and the nucleus, thereby allowing inacti- A modified SP64 vector, essentially described by [5], served as the
starting point for cloning the diverse constructs. The nuclear exportvation wherever CycA is localized.
(E) Increase in the number of nuclei after expression of Tor-HA-CycA. Instead of counting cells, nuclei numbers were counted in a given area.
(F–H) CycB is degraded in G2 of cell cycle 16 in CycA mutant cells. (F) The posterior part of an embryo with a genotype as in (C) is shown
at stages 9–10 and immunostained for CycB. The dashed straight lines indicate individual segments, and the arrowheads mark segments in
which prdGal4 mediates expression of HA-CycA. At this stage, most of the dorsal part of the epidermis (inside the dashed oval) are in G2
and would normally undergo mitosis shortly. In CycA mutant segments where HA-CycA is not expressed, endogenous CycB disappears
prematurely. Note that only cells expressing HA-CycA will undergo mitosis 16 in this setup. (G) The expression of HA-rca1 or Tor-HA-CycA
(H) can prevent premature CycB degradation in a similar fashion. In all cases, initial accumulation of CycB during earlier stages cell cycle 16
was not affected in the CycA mutant segments.
Abbreviations: wt, wild-type; n, number of embryos used in the functional assay. Scale bar in (A), (B), and (C) is 10 m.
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signal (NES) was derived from human PKI, and the nuclear import
sequence was adopted from SV40 large T antigen [9]. Heterologous
localization sequences were inserted between the HA tag and the
coding regions of CycA or CycB by PCR-based cloning. Tor-HA-
CycA was cloned by ligating a BstEII, Klenow, XbaI fragment of
pBtor (pTU002) into an NcoI, Klenow, XbaI backbone of pBSK-HA-
CycA (pTS006). To generate transgenes, the constructs were sub-
cloned into the pUAST vector [8]. Detailed cloning strategies and
sequences for oligos are available on request. In vitro transcription
was done with the MEGAscript SP6 kit (Ambion). In vitro translation,
Cdk1-CycA complex formation, immunoprecipitation, and kinase
assays were performed as described previously [31].
Drosophila Strains
Transgenes were generated by using standard fly techniques, and
expression of the transgenes was performed with the help of the
UAS-Gal4 system [8]. Driver lines were matGal4, prdGal4, and da-
Gal4. The allele CycAC8LR1 was used as a lack-of-function CycA allele.
To be able to express the transgenes in the CycA mutant back-
ground, the prdGal4 driver line was combined with the CycAC8LR1
mutation by recombination. Embryos mutant for CycA were identi-
fied either by the absence of the TM3 balancer marked with a Ubx-
lacZ reporter or by the absence of TM6 marked with tubby. As wild-
type reference, we used a white strain.
mRNA Injection, LMB Treatment, and Fractionation
of Drosophila Embryos
mRNA injection of Tor-HA-CycA was performed as described pre-
viously [5]. Leptomycin B (LMB) was obtained from Sigma. Treat-
ment of Drosophila embryos with LMB was essentially performed
as described [32]. For fractionating membranes and generating cy-
toplasmic extracts, we followed protocols described in [33].
Detection of S Phases
BrdU incorporation in Drosophila embryos or eye imaginal discs
was monitored by using protocols previously described [20, 24].
Antibodies and Microscopy
We used primary antibodies against the HA tag (Boehringer), PH3
(Upstate Technologies), Gal (Cappel), BrdU (Becton Dickinson),
CycA [5], CycB (gift from J. Raff), PTyr (gift from D. Morrison),
PSTAIRE (Sigma), and wheat-germ-agglutinin-Texas Red (MoBi-
Tec). Immunofluorescent pictures were taken on a Leica confocal
microscope or on a Zeiss Axiovert 10 by using a CCD camera (Photo-
metrics). Images were assembled with Adobe Photoshop and Can-
vas (Deneba).
Supplemental Data
Two supplemental figures are available at http://www.current-
biology.com/cgi/content/full/14/12/1117/DC1/.
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